Streptococcus thermophilus is a lactic acid bacterium used in industrial milk fermentation. To obtain phage-resistant starters, S. thermophilus strain Sfi1 was submitted to mutagenesis with the thermolabile insertional vector pG ϩ host9:ISS1 followed by a challenge with the lytic S. thermophilus phage Sfi19. Vector insertions into four distinct sites led to a phage-resistance phenotype. Three mutants were characterized further. They were protected against the homologous challenging phage and 14 heterologous phages. All three mutants adsorbed phages. No intracellular phage DNA synthesis was observed in mutants R7 and R71, while mutant R24 showed a delayed and diminished phage DNA synthesis compared to the parental Sfi1 strain. In mutant R7 a short deletion occurred next to the insertion site which removed the upstream sequences and the 15 initial codons from orf 394, encoding a likely transmembrane protein. Analogy with other phage systems suggests an involvement of this protein in the phage DNA injection process. In mutant R24 the vector was inserted into orf 269 predicting an oxido-reductase. When the vector sequence was removed via homologous recombination across the duplicated insertion elements, mutant R24 returned to the phage susceptibility of the parental strain. This observation suggested that inactivation of orf 269 was not crucial for the resistance phenotype. A gene encoding a likely restriction subunit of a type I restriction-modification system was located directly downstream of the insertion site in mutant R24. hsdM and hsdS genes encoding the modification and specificity subunits of a type I R-M system and biological evidence for an active R-M system were detected in strain Sfi1, suggesting involvement of a type I R-M system in the resistance phenotype of R24.
INTRODUCTION
Streptococcus thermophilus is a gram-positive thermophilic lactic acid bacterium used in industrial milk fermentation (Mercenier, 1990) . Phage attack has always been a major problem in the dairy industry (Peitersen, 1991) . This is also the case for S. thermophilus which is used in yogurt and cheese fermentation (for reviews, see Brüssow, 1999; Brüssow et al., 1998 ). An ecological survey of a cheese factory using a complex S. thermophilus starter mixture in an open fermentation system revealed a high level of phage contamination . The introduction of a defined starter strain rotation system that was insensitive to the established factory-specific phage population led to a dramatic decrease of the phage counts. However, a few days after the intervention, previously unknown phage types had invaded the factory. The invading phages could be traced back to the natural phage population found in raw milk delivered to the factory . It is thus apparent that phage control in comparable industrial environments depends on the development of phage-resistant dairy starters. Substantial experience has been accumulated with phage resistance in Lactococcus lactis, the major mesophilic starter used in cheese production. Many engineered phage-resistance functions in L. lactis rely on plasmid-encoded phage-resistance systems that have evolved naturally in L. lactis (Allison and Klaenhammer, 1998) . In fact, only a few such natural phage resistance systems have been reported in S. thermophilus (Larbi et al., 1992; O'Sullivan et al., 1999) . Until now engineered phage-resistance functions in S. thermophilus were based on phage DNA elements identified in sequencing projects of S. thermophilus bacteriophages (Lucchini et al., 1999b) .
Inhibitory phage DNA elements consisted of the superinfection exclusion gene from the lysogeny module of the temperate cos-site S. thermophilus bacteriophage Sfi21. This gene conferred protection against many virulent phages ). An even stronger and wider protection was mediated by the phage origin of replication . Upon superinfection, the phage replication protein(s) bound to the phage origin cloned on the plasmid and drove the replication of plasmid DNA instead of phage DNA. However, in both cases the phage DNA element had to be present on a high copy number plasmid to confer protection. These plasmids represent a high metabolic load to the industrial starter cell and might be eliminated during nonselective growth. In addition, no food-grade selection system for the maintenance of plasmids has been developed for S. thermophilus. Therefore, we explored the possibility of obtaining phage-resistant starters by inactivation of host genes. We reasoned that many steps of phage replication are likely to depend on bacterial gene products, e.g., the phage receptor or membrane proteins used for phage DNA injection or cytoplasmic factors that are essential for the transcription, translation, and replication of the phage genome or morphogenesis of the phage particle. Inactivation of these genes can lead to phageresistant starters if the bacterial genes are dispensable for the industrial growth properties of the starter strains. We demonstrate here that powerful and broad-range phage-resistant S. thermophilus starters can be obtained by this approach and that the analysis of these strains can also further our understanding of virus-cell interactions in S. thermophilus.
RESULTS

Random mutagenesis of the indicator cell
The industrial S. thermophilus starter strain Sfi1 was used for random mutagenesis because of its broad phage susceptibility . The plasmid pG ϩ host9:ISS1, which contains an ISS1 element, an erythromycin-resistance marker, and a temperature-sensitive replication function (Maguin et al., 1992 (Maguin et al., , 1996 , was introduced into Sfi1 at the permissive temperature of 30°C. The unintegrated thermolabile plasmid was eliminated by growth in the presence of erythromycin at the nonpermissive temperature of 42°C. To test for the integration event, surviving cells were randomly picked from agar plates. Southern blot hybridization of EcoRI-digested chromosomal DNA using the labeled plasmid DNA as a probe confirmed the integration of the plasmid in all cases and random transposition events (data not shown).
Selection of phage-resistant mutants of Sfi1
In the next step the bulk of the cells surviving at 42°C were challenged with our lytic group I prototype S. thermophilus phage Sfi19 (Lucchini et al., 1999a) at a multiplicity of infection of 5 which efficiently eliminated all nonresistant cells. After phage challenge, the transposants were maintained in liquid medium for further growth to counterselect mutations with decreased bacterial growth. In two experiments the challenged cultures reached an OD 600 of 0.85 after 8 and 12 h, respectively; in two further experiments the OD 600 remained below 0.02. In the absence of the phage challenge, the same cultures reached this OD after only 3 h. This delay in outgrowth suggests that only a small fraction of the transposants had mutations that conferred a phage-resistance phenotype. Based on the division time of S. thermophilus of parental and mutant cells (see below), the upper limit can be approximated to about 1 in 1000 transposants. No growth was observed for the parental Sfi1 starter after challenge with phage Sfi19 (OD 600 Ͻ 0.02 after 48 h).
Bulk phage-resistant cultures were plated and investigated for the integration of the plasmid by Southern blot hybridization. Experiment 1 yielded 19 clones with four distinct hybridization patterns (R7 n ϭ 2, R24 n ϭ 2, R71 n ϭ 6, R72 n ϭ 9), while experiment 2 yielded a single type of resistant cell (R7 n ϭ 9). The transposant selected in experiment 2 was also present in experiment 1. To obtain food-grade starter strains it is necessary to remove the heterologous plasmid DNA from the transformants. To favor recombination between the two IS elements which resulted from the replicative transposition event, serial passages of the transformants were done in the absence of antibiotic selection. Mutants R7, R24, and R71, but not R72, lost the Em R phenotype after 60, 29, and 40 passages, respectively, and were characterized further.
Inhibition of phage growth on the mutant starters
Mutants R7, R24, and R71 showed an identical growth curve in milk and in M17 broth as the parental Sfi1 strain (Fig. 1A) . All three mutant strains showed comparable growth properties when cultivated in the presence or absence of a challenging phage while phage challenge prevented growth of the parental Sfi1 cell (Fig. 1B and data not shown). Although the mutant cells were selected by challenge with one lytic phage (phage Sfi19), all three mutants failed to propagate phage when tested with 15 distinct phage strains in plaque assays (Table 1) . However, differences were detected between the three mutants after excision of the plasmid DNA sequence by homologous recombination between the two IS elements. The derivative mutants R24 exc (for excised) and R71 exc reverted to the phage sensitivity pattern found in the parental Sfi1 strain while mutant R7 exc retained the phage-resistance phenotype of R7 (data not shown).
Further differences were detected when the intracellular phage DNA synthesis was analyzed. In comparison with the intracellular phage DNA synthesis in Sfi1, the synthesis of phage DNA was delayed and decreased in mutant R24 (Fig. 2) . No phage DNA synthesis was detected in mutants R7 and R71 (Fig. 2) . Phage adsorption on mutant R7 was comparable to that of the parental Sfi1 strain, while mutants R24 and R71 showed a less efficient phage adsorption (Fig. 3) .
Integration site of the plasmid in R7
For the R7 and R24 mutants the fragments adjacent to the insertion point of the pG ϩ host9ϻISS1 plasmid were obtained by plasmid rescue (Erni et al., 1987) and sequenced. In mutant R7 the plasmid integrated into the vicinity of a tRNA Arg gene used by temperate S. ther-mophilus phages as the bacterial attachment site for prophage integration . Upstream of the tRNA gene followed a gene that encoded the ribosomal protein L19 and three genes (orf 486, 90, 394) with significant links to conserved hypothetical proteins from Methanococcus jannaschii ( Fig. 4A ; Table 2 ). Orf 486 gp showed a strong similarity with a chloride channel from Escherichia coli. Orf 486 and orf 394 gps from Sfi1 shared 27 and 26% aa identity with the anonymous protein MJ0305 from M. jannaschii, having strong transmembrane predictions (Fig. 5 ). Orf 486 and 394 gps are thus likely to be integral membrane proteins. The plasmid integration was located 4 codons upstream of the stop codon of orf 90. Since the derivative mutant R7 exc was the only phage-resistant strain after excision of the plasmid sequence, we sequenced the transposant after plasmid excision. As expected R7 exc had maintained one ISS1 element at the original plasmid integration site. In comparison with the parental strain Sfi1, R7
exc showed a 69-bp-long deletion that removed the four C-terminal aa of orf 90 and the upstream sequences of orf 394 plus the first 15 N-terminal codons (Fig. 4B ).
Integration site of the plasmid in R24
In mutant R24 the plasmid was integrated into orf 269 (Fig. 4C ). Orf 269 gp showed 42% amino acid identity with an E. coli 3-oxoacyl-[acyl-carrier protein] reductase (Table 4). However, loss of this gene product was not the crucial factor inducing phage resistance. After excision of the plasmid in R24 exc , orf 269 was still interrupted by 
Note. The titers are given in plaque-forming units per milliliter.
FIG. 2.
Southern blot hybridization of total DNA isolated at various time points during phage Sfi19 infection of the parental strain Sfi1 and the transposant strains R7, R24, and R71. Total DNA was isolated immediately with phage infection (0) and 20, 40, 60, and 80 min after infection. The blots were probed with labeled phage Sfi19 DNA. The two lanes M contain size markers (1-kb DNA ladder, Gibco BRL).
the IS element (data not shown), but the mutant R24 exc had reverted to the phage sensitivity pattern of the parental Sfi1 strain. Interestingly, orf 740, located in the direct vicinity of orf 269 (Fig. 4C) showed 40% aa identity with a putative type I restriction enzyme R protein (HsdR subunit) from Helicobacter pylori over its entire length, but lacks the C-terminal quarter of H. pylori protein ( Table  3 ). The orf 740 gp showed in addition weaker, but still significant, similarity with HsdR-like proteins from Archaea and gram-negative and gram-positive bacteria (Table 3) . A tree analysis using the Clustal method demonstrated three major branches for the proteins related to orf 740 gp (Fig. 6) . One branch consisted of likely HsdR proteins from gram-positive bacteria, E. coli (EcoR124) and the Sfi1/H. pylori proteins, a second branch comprised putative HsdR proteins from gram-negative bacteria and Archaea, and a third more distant branch consisted of proven E. coli HsdR proteins (EcoA, E, and K) as well as a yeast helicase (Fig. 6) . By sequence comparison a number of motifs were identified in HsdR proteins (Gorbalenya and Koonin, 1991) . The regions X (INGLPL-SYIEVK), I (ATP binding motif: GVIWHTQGSGKTAL), Ia (FYFVVDRLDLADQA), II (DEAH box motif: IYFIDEAHRS), III (IALTGTP), V (LVIVYSMLLTGFDAP), and VI (HN-LLQTLTRVNR) were identified in orf 740 gp (aa from orf 740 gp that correspond to the consensus sequences identified by Titheradge et al. (1996) are in bold).
Strain Sfi1 also encodes HsdM and HsdS proteins and demonstrates R-M activity
Type I restriction enzymes are composed of three subunits HsdR (endonuclease), HsdM (modification), and HsdS (host specificity for DNA) (Bickle and Kruger, 1993) . We cloned and sequenced random fragments of DNA from strain Sfi1. We identified good candidates for hsdM and hsdS genes on an anonymous 5.4-kb EcoRI fragment from Sfi1 (Fig. 4D, Table 4 ). Orf 535 gp showed sequence similarity with numerous proven or purported HsdM proteins from gram-negative and gram-positive bacteria and Archaea (Table 4 and Fig. 7 ). This group of proteins shared motifs X (orf 535 gp: YTPHSV), I (lacking in orf 535 gp), and II from the Ada-Met binding region and motif IV (orf 535 gp: MDYIVSNPP, catalytic region) with group ␥-methylases defined by Malone et al. (1995) . A tree analysis demonstrated a substantial splitting of this group of related proteins. The closest relatives of the Sfi1 HsdM protein were again H. pylori proteins (Fig. 7) . Directly downstream of the Sfi1 hsdM gene we identified an orf 402 with similarity to 10 putative hsdS genes from the database. Over the N-terminal part the closest matches of orf 402 gp were with HsdS proteins from Haemophilus influenzae and H. pylori (Table 4) . Over a short segment of 120 bp the Sfi1 gene shared 83% bp identity with the hsdS gene from H. influenzae. Alignment of orf 402 gp with the 10 related HsdS proteins from the database identified two previously uncharacterized motifs (motif I, FLYYLL; motif II, QQ-I--IL). Over the Cterminal half the closest match of orf 402 gp was with a Pyrococcus HsdS protein (Table 4) .
Sfi1 thus contains all three subunits typically found in type I restriction enzymes. We searched therefore for evidence for an active R-M system in Sfi1. For a biological R-M activity test we selected a twice plaque-purified S. thermophilus phage isolate from an ecological survey that could be propagated on three bacterial strains with distinct ribotypes . The efficiency of plating was always highest when the bacterial strain for phage propagation matched the bacterial strain used for the plaque assay. When the strains were not matched, 10 3 -to 10 4 -fold lower titers were observed (Table 5) . No genetic changes were accumulated since upon a further passage the phage reflected again the growth characteristics of the previous propagating hosts.
DISCUSSION
In S. thermophilus we obtained by insertional mutagenesis four genetically distinct phage-resistant mutants. A similar small number of phage-resistant mutants was described for transposon-induced mutations in Listeria monocytogenes, a low GC-content gram-positive bacterium evolutionarily related to lactic acid bacteria (Tran et al., 1999) . In contrast to the situation in Listeria where all resistant strains failed to adsorb phages, phage receptor mutations are excluded in the resistant S. thermophilus cells. However, in mutants R7 and R71 the early steps of the phage infection process were affected since no phage DNA synthesis was observed. The sequencing data from the R7 mutant demonstrated that a transmembrane protein was affected by the insertion. Few data are available on the molecular aspects of phage DNA injection (Heller, 1992) . Transmembrane proteins have been implicated in this process. Ion channels are involved in the DNA penetration step of phage T5 into E. coli (Boulanger and Letellier, 1992) , while the inner membrane proteins II-P and II-M, which form the pore structure of the mannose permease, were linked with the penetration of phage DNA into E. coli (Erni et al., 1987) . Transmembrane proteins were also implicated in DNA injection of phages from gram-positive bacteria. The L. lactis phage c2 showed a reversible adsorption to carbohydrate components of the cell wall (Monteville et al., 1994) followed by an irreversible interaction with a transmembrane protein, PIP (Geller et al., 1993) . Interestingly, lactococcal phages were inactivated in vitro by mem- Tables 3 and 4. branes from wild-type cells but not membranes from pip Ϫ mutants (Valyasevi et al., 1991) . In fact, the pip Ϫ mutants were resistant to lactococcal phages of the c2 species, but not to three other species of lactococcal phages (Tran et al., 1999) . By analogy we hypothesize that orf 394 gp from Sfi1 is implicated in the phage DNA injection process.
In mutant R24 phage DNA synthesis was delayed and decreased indicative of an abortive infection phenotype. The analysis of the plasmid integration site suggested a possible mechanism for phage resistance. Since excision of the plasmid via homologous recombination over the duplicated IS element caused a reversion to phage sensitivity, we can exclude interruption of orf 269 by an IS element as the cause for phage resistance. However, downstream of the plasmid integration site, we identified a likely hsdR gene encoding the R subunit of a type I restriction enzyme. We hypothesize that the plasmid integration resulted in an upregulation of the hsdR gene transcription leading to an increased synthesis of HsdR protein. This increased HsdR amount could shift the equilibrium from SM 2 , the physiologically predominant methylase complex, to the SM 2 R 2 complex with restriction activity. Biological experiments suggested the presence of an R-M system in Sfi1. The contribution of this R-M system to phage defense is however minimal since Sfi1 cells failed to suppress the titer below 10 3 PFU/ml when phages from heterologous hosts were titrated on Sfi1. An increased restriction activity could also explain why so many distinct S. thermophilus phages were unable to grow on the R24 mutant and it is compatible with the observation of delayed and diminished phage DNA synthesis. The residual phage DNA observed in infected R24 cells could therefore represent modified phage DNA that escaped restriction.
We have not yet mapped the relative position of the hsdR and hsdM/S genes. Separate chromosomal location of hsd genes as possibly seen in Sfi1 does not exclude functional interaction of the protein subunits. In L. lactis the chromosomally encoded hsd locus could be complemented in trans by plasmid-encoded HsdS . S. thermophilus and L. lactis are evolutionary closely related and both bacteria share highly related plasmids encoding a type I R-M system , and S. thermophilus plasmid pER35, (Accession Number AF177167). In contrast, the chromosomally encoded hsd genes from S. thermophilus are much closer related to hsd gene clusters from H. pylori, a gram-negative bacterium, than to hsd genes from L. lactis. The tree analyses of the HsdR, M, and S proteins demonstrated a branching pattern that did not reflect the evolutionary relationships of the bacteria. This observation concurs with previous observations. In E. coli the hsd locus is one of the two hypervariable loci of the bacterial chromosome. Furthermore, evidence for a recent lateral acquisition of the hsd genes in E. coli has been presented (Barcus et al., 1995) . The close sequence relationship between the Hsd proteins from S. thermophilus and H. pylori is thus easiest explained by a lateral gene transfer event. The HdsS-like protein from Sfi1 showed different similarities over its N-terminal and over its C-terminal half. Interestingly, high-frequency gene rearrangements using small conserved hrs recombination sites have been demonstrated in the hsdS genes from Mycoplasma pulmonis (Dybvig et al., 1998; Sitaraman and Dybvig, 1997) . The remarkable conservation of a 120-bp segment between the hsdS genes from Sfi1 and H. influenzae might be significant in this context.
Phage-resistant S. thermophilus strains suitable for food production were obtained by insertional mutagenesis with the plasmid pG ϩ host9:ISS1. The approach does not depend on high plasmid transformation efficiencies which are frequently not achieved with industrial S. thermophilus starter strains. Excision of the plasmid sequence after insertion can be obtained by homologous recombination between the insertion elements duplicated during the transposition event (Maguin et al., 1996) . Since this insertion element is naturally found in L. lactis and S. thermophilus (Guedon et al., 1995) foodgrade phage-resistant starters can be obtained with this approach. Loss of the IS element from the bacterial chromosome is much less likely than loss of a resistance Stanley et al. (1997) Note. The E value from the BLAST search is given as decadic logarithm.
plasmid without selection pressure. In addition, a single incorporated IS element represents a lower metabolic load to the starter bacterium than a high copy number plasmid. However, only one mutant remained phage resistant after excision of the plasmid sequence. Since R7 had suffered in addition to the integration event a 69-bp deletion, we do not yet know whether integration of the IS element without concomitant deletion is sufficient to induce phage resistance. The broad phage resistance phenotype observed in mutant R7 is crucial for its industrial application. Neither the Sfi21 prophage nor engineered phage-resistance mechanisms based on S. thermophilus phage DNA elements had this broad inhibitory activity Foley et al., 1998; Stanley et al., 2000) . However, before phage-resistant starters are released for industrial use, we need to elaborate the biochemical basis of the resistance phenotype and its stability in serial passages and we need to know with what frequency mutant phages evolve that escape the control of the resistance mechanism.
MATERIALS AND METHODS
Strains, media, plasmids, and culture conditions. The E. coli strain 101 was propagated in LB broth or LB broth solidified with 1.5% (w/v) agar at 37°C. Liquid cultures were grown under agitation (240 rpm). S. thermophilus strains Sfi1 and its transformants were cultivated at 42°C in M17 supplemented with 0.5% lactose (LM17), Belliker media, or MSK. Erythromycin was used when required at a final concentration of 2 and 150 mg/ml for S. thermophilus and E.coli, respectively. The phages used in this study were obtained from the Nestlé collection or in the case of phages l and f from an ecological survey . The phages were propagated on their appropriate S. thermophilus strains in LM17 broth as described previously (Brüssow and Bruttin, 1995; Bruttin and Brüssow, 1996) . Phage enumeration was achieved as described in . For random insertion mutagenesis the plasmid pG ϩ host9ϻISS1 was used (Maguin et al., 1996) .
Impedance measurements. Changes in the impedance of the milk medium were measured with the Rapid Automated Bacterial Impedance Technique (Don Whitley Systems). This system measures continuously the transformation of the polar, but uncharged, lactose into the charged lactic acid via changes in the electric conductance of the medium. It was verified that the conductivity vs incubation time curve is proportional to the acidification of the medium measure with a pH electrode and the bacterial growth measured as OD 600 adsorbance.
DNA techniques. Phage purification, DNA extraction and purification, agarose gel electrophoresis, Southern blot hybridization, and DNA labeling were executed as described previously (Brüssow and Bruttin, 1995; Bruttin and Brüssow, 1996; . The Qiaprep plasmid kit (Qiagen) was used for the rapid isolation of plasmid DNA from E. coli. Restriction enzymes and T4 ligase were purchased from Boehringer Mannheim and used according to the supplier's instructions. E. coli was electrotransformated as outlined in the BioRad instruction manual. S. thermophilus was electroporated using Note. The E value from the BLAST search is given as decadic logarithm.
FIG. 6.
Tree analysis of the deduced protein product from Sfi1 orf 740 and related proteins from the BLAST search (E value Ͻ 10 Ϫ10 ). The tree was built using the CLUSTAL W method of DNAstar. The putative or proven HsdR proteins were identified by the name of the bacterial host. * Indicates Plasmid-encoded HsdR proteins. Hel indicates a DEAD box helicase from Schizosaccheromyces. The proteins can be retrieved from the database under the following references (top to bottom): 2689698, AAC15896.1, AAF04356.1, 3057061, S49394, T1R1_ECOLI, AAD0752.1, Sfi1 this work, F64114, JC5216, G644514, 2411488, CAA68059, 2622038, 2648840, CAB49217.1, CAA18301.1, T1R_ECOLI, I41291, I41292. the procedure described by (Slos et al., 1991) . The analysis of intracellular phage DNA, PCR, and DNA sequencing have been performed as described previously .
Sequence analysis. The Genetics Computer Group (University of Wisconsin) sequence analysis package was used to assemble and analyze the sequences. Nucleotide and predicted amino acid sequences were compared to those in the databases (GenBank, release 109; EMBL, release 56; PIR-Protein, release 57; SWISS-PROT, release 36; and PROSITE, release 15.0) with FastA (Lipman and Pearson, 1985) and BLAST programs (Altschul, 1993) . Prediction of transmembrane domains was performed using the TMpred program (Hofmann and Stoffel, Note. The E value from the BLAST search is given as decadic logarithm. The orfs preceding orf 535 and following orf 402 are truncated and indicated by TЈ1 and TЈ2, respectively.
FIG. 7.
Tree analysis of the deduced protein product from Sfi1 orf 535 and related proteins from the BLAST search (E value Ͻ 10 Ϫ10 ). The tree was built using the CLUSTAL W method of DNAstar. The putative or proven HsdM proteins were identified by the name of the bacterial host. * Indicates plasmid encoded HsdM proteins. The proteins can be retrieved from the database under the following references (top to bottom): 4155366, AAD07898.1, I41051, T1M1_ECOLI, S73820, 2689699, AAF04357.1, AAC15897.1, 3057062, 2581810, CAB49220.1, YC20_METJA, 2622040, 2408224, CAA68057, CAA10699, CAA15552, 1747491, G64114, YZ42_METJA, 4154948, AAD07525.1, Sfi1 this work, A47200, CAA71895, I41293. 1993). The analyzed sequences were deposited in the GenBank database under the Accession Numbers AF 013585, AF 288037, AF 288038.
Transposition of pG ϩ host9ϻISS1 in the S. thermophilus chromosome. S. thermophilus Sfi1 containing pG ϩ host9:ISS1 was grown overnight in LM17 medium supplemented with 2 mg/ml of erythromycin. The saturated cultures were diluted 100-fold in LM17 medium containing 1 mg/ml of erythromycin and incubated 2 h at 30°C. The cultures were then shifted to the nonpermissive temperature of 42°C to eliminate free plasmids and grown to saturation. The frequency of integration per cell was estimated as the ratio of the number of Em R cells at 42°C to the number of viable cells at 30°C. Integration of the plasmids was checked by Southern blot hybridization. To excise the transposed vectors, serial passages have been performed in LM17 broth without antibiotic selection at 42°C.
Selection of phage-resistant mutants. The culture containing the original population of Sfi1ϻpG ϩ host9:ISS1 integrants was diluted 100-fold in LM17 supplemented with 2 mg/ml of erythromycin and challenged with lytic phage Sfi19 at a M.O.I. of 5. The culture was then grown to saturation. The experiments were stopped when no growth was observed after 48 h.
Phage adsorption test. S. thermophilus cultures were grown in LM17 until an OD 600 of 0.6 was reached. Then phages were added at a m.o.i. of 1 and the cultures incubated at room temperature. Probes were taken immediately after phage addition and after 5, 10, 20, and 40 min. These probes were then filtered to remove the bacterial cells from the cultures. Residual phages left in the cell-free filtrate were then enumerated by the plaque assay . Note. The S. thermophilus phages l and f were propagated on the indicated host strains as indicated in the second column and were titrated by a plaque assay on the indicator cells indicated in columns 3 to 6.
